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The  N2-doped  3C-SiC  thin  films  have  been  grown  by  low-pressure,  chemical 
vapor  deposition  (LPCVD)  on  amorphous  Si3N4/p-Si  (111)  substrates  using  the 
single,  organosilane-precursor  trimethylsilane  [(CH3)3SiH].  The  effects  of  N2 
flow  rate  and  growth  temperature  on  the  electrical  properties  of  SiC  films  were 
investigated  by  Hall-effect  measurements.  The  electron-carrier  concentration 
is  between  10^^-10^^/cm^.  The  lowest  resistivities  at  400  K  and  300  K  are 
1.12  X  10“^  and  1.18  X  10  ^  cm,  respectively.  The  corresponding  sheet  resist¬ 
ances  are  75.02  !!/□  and  790.36  !!/□.  The  SiC  film  structure  was  studied  by  x- 
ray  diffraction.  The  3C-SiC  films  oriented  in  the  (111)  direction  with  a  20  peak 
at  35.5°  and  line  widths  between  0.18-0.25°  were  obtained.  The  SiC/Si3N4  in¬ 
terface  is  very  smooth  and  free  of  voids.  The  fabrication  of  microelectro¬ 
mechanical  (MEMS)  structures  incorporating  the  SiC  films  is  discussed. 
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INTRODUCTION 

Silicon  carbide  is  recognized^  as  a  wide-bandgap 
semiconductor  with  superior  thermal,  electrical,  me¬ 
chanical,  and  chemical  properties  for  the  production 
of  high-temperature,  high-power,  and  high-frequency 
electronic  devices.  In  comparison  to  Si,  SiC,  with  its 
high  Young's  modulus  and  toughness,  chemical  inert¬ 
ness,  and  radiation  resistance,  makes  an  excellent 
candidate  for  the  fabrication  of  microelectromechan¬ 
ical  systems  (MEMS)  devices  that  need  to  function  at 
high  temperature  as  well  as  in  harsh  environments. 
In  comparison  to  diamond,  attractive  features  of  SiC 
are  that  it  can  be  doped  both  p-  and  n-type,  and  it  al¬ 
lows  a  natural  oxide  to  be  grown  on  its  surface  for 
the  purpose  of  certain  device  fabrication.^ 

The  MEMS  applications  require  that  large-area, 
uniform  SiC  films  are  formed  on  insulating  or  sacrifi¬ 
cial  layers,^’^  such  as  Si02,  Si3N4,  and  polycrystalline 
Si  (poly-Si).  Because  of  the  decomposition  of  Si02  at 
an  SiC  growth  temperature  above  1100°C,  oxygen 
contamination  during  SiC  growth  may  occur  and  can 
affect  the  electrical  properties  of  SiC  films  for  the  de¬ 
vice  purpose.  The  Si3N4  then  becomes  more  suitable 
as  an  insulating  layer  for  SiC-MEMS  devices.  Chem- 
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ical  vapor  deposition  (CVD)  is  an  excellent  tool  for 
conformal  growth  on  MEMS  structures  with  complex 
three-dimensional  topology.  The  SiC-device  defini¬ 
tion  and  processing  are  well  established.  We  have 
previously  reported^  that  the  single,  organosilane- 
precursor  trimethylsilane  [(CH3)3SiH  or  3MS]  pro¬ 
duces  excellent  3C-SiC  films  while  being  nonpy- 
rophoric,  noncorrosive,  and  easier  to  handle  than  the 
conventional  SiH4/C3H8/H2  gas  system  used  for  SiC 
growth.  Our  previous  results  with  3MS  show  that 
SiC  films  grown  on  Si  substrates^  can  be  in  situ 
doped  with  N2  and  that  undoped  films  can  be  grown 
successfully  on  Si3N4  layers^  on  Si  substrates. 

In  this  paper,  the  electrical  properties  of  in  situ 
N2-doped  3C-SiC  films  grown  on  low-stress,  amor¬ 
phous  Si3N4/Si  (100)  substrates  using  3MS  are 
investigated  by  Hall-effect  measurements,  while 
structural  characterization  of  these  films  has  also 
been  investigated  by  x-ray  diffraction  (XRD),  scan¬ 
ning  electron  microscopy  (SEM),  and  atomic  force 
microscopy  (AFM).  The  resistivity  and  sheet  resist¬ 
ance  are  measured  as  a  function  of  N2  flow  rate.  In 
addition,  the  initial  fabrication  of  MEMS  structures 
by  inductively  coupled  plasma  (ICP),  dry  etching 
has  shown  that  low-pressure  (LP)  CVD  conformal 
growth  of  SiC  on  low-stress,  amorphous  Si3N4  layer 
is  successful. 
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EXPERIMENTAL 

The  SiC  films  were  grown  in  a  LPCVD  system. 
The  details  of  the  system  can  be  found  in  Ref  6.  The 
base  pressure  in  the  chamber  is  3  X  10“^  torr,  and 
the  operating  pressure  is  13-14  torr.  The  gas  purity 
is  99.999%  for  hydrogen,  99.995%  for  3MS,  and 
99.999%  for  nitrogen.  For  all  SiC-growth  experi¬ 
ments  reported,  the  hydrogen  flow  rate  is  1  slm,  and 
the  3MS  flow  rates  range  from  20-40  seem,  while  ni¬ 
trogen  flow  rates  vary  from  0-10  seem.  The  growth 
temperature  is  in  the  range  of  1100-1250°C,  the 
growth  time  is  3-6  min,  and  temperature  ramp  rate 
is  25°C/sec.  The  temperature  is  monitored  and  con¬ 
trolled  by  an  optical  pyrometer.  The  crystal  struc¬ 
ture  of  the  SiC  Aims  was  characterized  by  XRD  spec¬ 
tra.  The  surface  morphology  of  the  SiC  Aims  and  the 
SiC/Si3N4  interface  was  examined  by  SEM.  The  sur¬ 
face  roughness  of  the  SiC  Aims  was  studied  by  AFM. 
The  SiC-fllm  thickness  of  samples  used  for  Hall 
measurements  ranged  from  1-2  (xm.  Electrical  prop¬ 
erties  of  grown  SiC  Aims  were  investigated  using 
MMR  Corporation’s  (California,  USA)  Hall-effect 
measurement  system  with  a  magnetic  fleld  up  to  1.2 
T.  Electrical  contacts  were  made  by  depositing  Ni  on 
the  four  corners  of  the  sample  using  electron-beam 
evaporation  followed  by  annealing  at  900°C  for  5 
min.  The  quality  of  the  electrical  contacts  was  evalu¬ 
ated  by  checking  the  linearity  of  their  current-volt¬ 
age  (I-V)  relation.  The  magnetic  fleld  was  set  at  1  T 
(10,000  Gauss)  for  all  Hall-effect  measurements. 

RESULTS  AND  DISCUSSION 
Structure 

The  0-20  XRD  spectra  for  SiC  Aims  grown  on 
Si3N4/Si  at  different  growth  temperature  are  shown 
in  Fig.  1.  The  spectra  were  normalized  by  the  thick¬ 
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Fig.  1.  Normalized  XRD  spectra  for  SiC  films  grown  on  Si3N4/Si 
(100)  at  different  temperatures.  Flow  rates:  30  scorn  3MS  and  1 
scorn  N2. 


ness  of  the  SiC  Aims.  These  spectra  show  that  poly¬ 
crystalline  SiC  Aims  oriented  in  the  (111)  direction 
were  obtained  at  growth  temperatures  from  1150- 
1250°C.  No  other  orientations  of  SiC  Aims  were  de¬ 
tected.  The  normalized  XRD  intensity  of  the  SiC 
(111)  peak  is  plotted  in  Fig.  2  as  a  function  of  growth 
temperature.  As  expected,  the  SiC  (111)  signal  in¬ 
creased  with  temperature  from  1100°C  to  1200°C 
but  decreased  when  the  temperature  was  increased 
to  1250°C.  To  understand  the  cause  for  this  decrease, 
we  investigated  the  properties  of  the  Si3N4  layer 
under  annealing  conditions  chosen  to  simulate  the 
SiC  growth  process.  Figure  3  contains  XRD  spectra 
of  the  Si3N4  layers  annealed  at  temperatures  from 
1100-1250°C.  The  spectra  indicate  that  the  Si3N4 
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Fig.  2.  Normalized  XRD  intensity  of  the  SiC  (111)  peak  as  a  function 
of  growth  temperature.  Flow  rates  constant  at  30  scorn  3MS  and  1 
scorn  N2. 
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Fig.  3.  The  XRD  spectra  of  the  Si3N4  layer  unannealed  and  an¬ 
nealed  at  the  temperatures  used  for  SiC  growth. 
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layer  remains  amorphous  after  anneals  up  to 
1200°C.  However,  after  the  1250°C  anneal,  two  XRD 
peaks  with  20  angles  at  26.437°  and  35.350°  are  ob¬ 
served.  The  peaks  correspond  to  a-Si3N4  (200)  and 
(210)  directions.  We  suspect  that  the  crystallization 
of  the  Si3N4  is  the  reason  for  the  decrease  of  the  SiC 
(111)  XRD  signal  at  a  growth  temperature  of  1250°C. 
Interestingly,  the  full  width  at  half  maximum 
(FWHM)  of  the  SiC  (111)  XRD  peak  decreases  mo- 
notonically  with  increasing  SiC-growth  temperature, 
ranging  from  0.25°  at  1100°C  to  0.18°  at  1250°C. 

The  effect  of  the  3MS  flow  rate  on  the  crystallinity  of 
the  SiC  Aims  was  also  investigated.  Figure  4  indicates 
that  increasing  the  3MS  flow  rate  in  a  certain  range  at 
a  growth  temperature  of  1200°C  results  in  a  signifi¬ 
cant  increase  in  the  XRD  intensity  and  a  slight  de¬ 
crease  in  the  FWHM  of  the  SiC  (111)  peak.  In  the  fol- 


3MS  flow  rate  (seem) 

Fig.  4.  Normalized  XRD  intensity  and  FWHM  of  the  SiC  (111)  peak 
as  a  function  of  SMS  flow  rate.  Growth  temperature:  1200°C,  and  N2 
flow  rate:  1  scorn. 


Growth  temperature  (°C) 

Fig.  5.  Resistivity  and  sheet  resistance  of  SiC  films  at  300  K  as  a 
function  of  growth  temperature.  Flow  rates:  30  scorn  SMS  and  1 
scorn  N2. 


lowing  Hall-effect  measurement,  we  investigated  how 
the  crystallinity  affects  the  resistivity  and  sheet  resist¬ 
ance  of  SiC  Aims  grown  under  various  conditions. 

Electrical  Properties 

Figure  5  shows  the  resistivity  and  sheet  resist¬ 
ance  of  SiC  films  as  a  function  of  growth  tempera¬ 
ture  with  flow  rates  of  30  seem  3MS  and  1  seem 


Fig.  6.  Resistivity  and  sheet  resistance  of  SiC  films  at  300  K  as  a 
function  of  3MS  flow  rate.  Growth  temperature:  1200'G,  and  N2  flow 
rate:  1  scorn. 
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Fig.  7.  Resistivity  and  sheet  resistance  of  SiC  films  at  300  K  as  a 
function  of  N2  flow  rate:  (a)  growth  temperature  of  1200'G  3MS  and 
flow  rate  of  40  scorn  and  (b)  growth  temperature  of  1250°C  3MS  and 
flow  rate  of  25  scorn. 
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N2.  The  lowest  resistivity  and  sheet  resistance 
were  obtained  at  1200°C,  which  also  resulted  in 
the  best  crystallinity  as  seen  in  the  XRD  data  of 
Figs.  1  and  2.  By  increasing  the  SMS  flow  rate,  we 
observed  that  the  resistivity  and  sheet  resistance 
decreased,  as  shown  in  Fig.  6,  while  the  normal¬ 
ized  XRD  intensity  of  the  SiC  (111)  peak  in¬ 
creased  (Fig.  4).  These  results  are  consistent  with 
the  general  observation  that  improvements  in  the 
semiconductor  yield  improved  electrical  proper¬ 
ties. 

The  effect  of  the  N2  flow  rate  on  the  SiC  electrical 
properties  was  studied  for  two  sets  of  growth  condi¬ 
tions.  The  first  used  a  lower  SMS  flow  rate  (25  seem) 
at  1250°C,  while  the  second  used  a  higher  SMS  flow 
rate  (40  seem)  at  1200°C.  The  N2  flow  rate  was  var¬ 
ied  from  0-10  seem.  For  both  sets  of  operating  pa¬ 
rameters,  the  data  of  Fig.  7  shows  the  same  trend  of 
decreasing  resistivity  and  sheet  resistance  with  in¬ 
creasing  N2  flow  rate.  This  indicates  that  an  increas¬ 
ing  number  of  N  atoms  incorporated  into  the  SiC 
film  helps  to  lower  the  resistivity  and  sheet  resist¬ 
ance. 


Morphology 

The  surface  and  interface  quality  was  examined 
by  SEM.  As  shown  in  Fig.  7,  the  surface  morphol¬ 
ogy  of  SiC  film  becomes  worse  with  increasing 
growth  temperature,  while  the  SiC/Si3N4  interface 
is  very  smooth  and  free  of  voids  for  all  samples. 
Clearly,  the  Si3N4  layer  prevents  Si  out-diffusion 
from  the  substrate  and  subsequent  reaction  with  C 
or  H  from  the  gas  phase,  which  causes  the  forma¬ 
tion  of  voids  at  the  SiC/Si  interface  during  growth 
directly  on  a  Si  substrate  or  layer.  Figure  9  com¬ 
pares  SiC-growth  rate  and  surface  roughness  as  a 
function  of  growth  temperature.  The  root-mean 
square  roughness  measured  by  AFM  and  the 
growth  rate  both  increase  with  increasing  growth 
temperature,  which  conforms  to  the  results  of  sur¬ 
face  morphology  observed  by  SEM.  The  SiC  film 
thickness,  measured  using  cross-sectional  SEM, 
ranges  from  0.7-3  ixm.  The  growth  rate  obtained  at 
the  optimum  temperature  of  1200°C  is  about  0.5 
|jLm/min,  while  the  RMS  surface  roughness  is  ap¬ 
proximately  40  nm. 


Fig.  8.  The  SEM  micrographs  of  SiC-thin  films  grown  on  SisN^Si  structures  with  30  seem  SMS  and  1  seem  N2  at  the  following  temperatures:  (a) 
11 00  x;,  (b)  1 1 50  x;,  (c)  1 200  °C,  and  (d)  1 250  °C. 
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Fig.  9.  Growth  rate  and  surface  roughness  of  SiC  films  versus 
growth  temperature.  Flow  rates:  30  seem  SMS  and  1  seem  N2. 


Microelectromechancial  Fabrication 

The  SiC-film  samples  grown  on  Si3N4/Si  (100) 
substrate  materials  were  patterned  and  processed 
in  initial  MEMS  fabrication  efforts.  The  ICP  etching 
using  NFs/Ar  mixtures  has  shown  that  LPCVD  con¬ 
formal  growth  of  SiC  on  low-stress,  amorphous 
Si3N4  layer  is  successful.  Vertical  sidewalls,  indicat¬ 
ing  high-anisotropy  NF3/Ar  etching,  have  been  ob¬ 
tained  under  specific  etching  conditions.  Simple 
MEMS  structures,  such  as  cantilevers,  lateral  res¬ 
onators,  and  resonating  membranes,  have  been  fab¬ 
ricated.  The  film  stress  was  measured  by  using 
bent-beam  strain  gauges.  The  deflecting  angle  of  our 
bent-beam  is  6°.  The  residual  stress  generated  by  a 
bimorph  involving  a  SiC-thin  film  has  been  esti¬ 
mated  at  —188  MPa.  Lateral  deflection  of  the  sup¬ 
porting  beam-vernier  structures  correlates  directly 
to  the  stress  in  the  deposited  film.  A  Young’s  modu¬ 
lus  for  our  SiC  films  of  E  =  426  GPa,  used  for  stress 
calculations,  was  obtained  from  MEMS  resonance 
measurements  for  the  SiC  films. 

SUMMARY 

We  have  reported  on  the  fabrication  and  proper¬ 
ties  of  SiC  structures  for  high-temperature,  MEMS 
applications.  The  MEMS  device  requires  the  growth 
and  doping  of  SiC-thin  films  on  amorphous  Si3N4 
layers  on  Si  substrates.  The  SiC  films  were  grown 
by  eVD  with  the  single  organosilane  trimethylsi- 
lane,  while  the  in  situ  doping  was  performed  by  ad¬ 
dition  of  N2  into  the  reaction  chamber.  A  resistivity 
of  75  D/n  was  measured  for  the  doped  SiC  film  at 
400  K  when  operating  the  structure  at  400  K.  The 
MEMS  structures,  such  as  cantilevers,  lateral  res¬ 
onators,  and  membranes,  were  successfully  fabri¬ 
cated. 


Fig.  10.  The  AFM  micrographs  of  starting  SisN^Si  surface  and  SiC- 
film  surface  grown  at  1100°C  and  1200°C.  Flow  rates:  30  seem  SMS 
and  1  seem  N2. 
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